Nearly a century ago, wing venation was introduced in gracillariid taxonomy as a means to diagnose closely related genera and species groups. Recent advances in non-destructive virtual micro-dissections suggest promising approaches with which to revisit the relevance of wing venation characters on historic primary type specimens. Many unique type specimens in Gracillariidae and other microlepidoptera groups preserved in museum collections are in poor condition, and over the course of history have suffered loss or damage to their abdomens. Consequently, genitalia morphology is not available for diagnoses and comparisons. In this paper we emphasize the need to include the type species and type specimens into the broader context of taxonomic studies on micro-moths in general and the family Gracillariidae in particular. The genus Caloptilia has a world-wide distribution and has been the subject of research for more than 200 years, yet the generic boundaries and groupings within the genus are still unresolved due to the lack of a reliable set of taxonomic characters obtained from the primary types. We describe a method of virtual descaling of the fore-and hindwings using the unset micro-moth type specimen of Caloptilia stigmatella Fabricius, 1781, in order to demonstrate that the study of historic and fragile type specimens and diagnoses of their internal morphological characters becomes possible by applying new and non-destructive technology.
Introduction
Following the rules of the ICZN (1999) , species names are based on actual specimens which are represented by primary types (holotypes, lectotypes, syntypes) deposited in public repositories. The existence of such type specimens and the physical embodiment of the species names increases the precision of available diagnostic characters observed in the type specimens and minimizes identification errors. Genera, being the conventional units, are based on the same principal: every genus-group name is eternally linked to the type species designated by an author (original designation), by a reviser (subsequent designation), or based on monotypy. The conventional generic concept in micro-moths, a typically pragmatic approach based on limited morphological data, must now be reconciled with new molecular and morphological data sets to shed light on the phylogeny and taxonomy of a particular group (e.g., Mutanen et al. 2010; Kawahara et al. 2011 Kawahara et al. , 2017 Regier et al. 2013) . The search for conventional generic concepts in the family Gracillariidae and particularly revising the species-rich genus Caloptilia Hübner, 1825 by the community of taxonomists aims to focus on long-term taxonomic solutions and seeks to group species into meaningful sets. In this sense the application of advanced imaging-computed technology may play a useful role as a tool efficiently mediating between different hypotheses (e.g., Leubner et al. 2017) .
One of the morphological datasets that delimits genera within Gracillariidae is wing venation (Ely, 1918) . The generic stability of this character set and its application to define the known genera and to describe new ones has been demonstrated by Vári (1961) and Kuznetzov (1981) . However, the majority of the genera of Gracillariidae were erected without taking wing venation into account, and this information has not been corroborated with the type specimens. The traditional study of wing venation, which includes physical descaling the wings, is highly invasive. It is not applicable for unspread specimens because the risk of destroying such specimens is too high (Zimmerman 1978) . For this reason we looked for a technique that allows taxonomists to examine wing venation characters while keeping valuable type specimens intact.
Micro-computed tomography (µ-CT) has been shown to be a useful tool in the study of insect morphology. It has been used successfully for virtual dissections of the genitalia of macrolepidoptera. Such visualizations have allowed individual components of complex structures to be observed in isolation with minimal interference from other components without physically separating them, proving much less destructive than real dissection Saito et al. 2017) . The use of µ-CT has been advocated for taxonomic studies where a researcher needs to compare already dissected specimens with types to determine their identity. highlight the particular value of this approach for invaluable legacy collections (e.g. the Linnaean and Fabricius collections). Hence, we decided to apply this technique to study the holotype of Caloptilia stigmatella (Fabricius, 1781) .
Caloptilia is the third largest genus in the family Gracillariidae after Phyllonorycter Hübner, 1822 and Acrocercops Wallengren, 1881, and it has a global distribution (De Prins et al. 2015; De Prins & De Prins 2018) . The leaf-mining moth C. stigmatella (Accession number: GLAHM 137070) was described by Fabricius in 1781 from an English specimen in the collection of Thomas Pattison Yeats (Stainton 1864) . It has been in William Hunter's insect collection since Yeats died in 1782 (Hancock 2015) and is kept at the Hunterian Museum, University of Glasgow. In addition to being the type specimen of the species, it is also the type species for the genus Caloptilia (Vári 1961; Kumata 1982; De Prins & De Prins 2005 , 2018 . The specimen is generally in good condition but is not ideal for morphological examination as it is mounted with its wings closed and at some point in history its abdomen has been lost.
The purpose of the present paper is: (1) to examine this valuable Fabrician specimen by virtual descaling using the µ-CT scanning technique; and (2) to evaluate this non-destructive methodology for revealing the diagnostic characters of taxonomic significance in fragile, historically important specimens.
Taxonomic data acquisition
Historical designation of Tinea stigmatella as the type species of the genus Caloptilia
The original description of the Caloptilia by Hübner in 1825 as "Verein, Coitus I" in the group of moths "Bemercte, Signatae" indicates that the main diagnostic character is the colouration of the forewings: "Mit hellen Zeichen auf den Schwingen, in färbigen Grunde." This feature of colourful forewings marked by different signs distinguishes Caloptilia sensu Hübner from other micor-moths with dull greyish-brownish forewings mainly under the name Tinea. Hübner (1825) Fletcher (1929) . However, Tinea upupaepennella Hübner, 1796 became a junior subjective synonym of Tinea stigmatella Fabricius, 1781, synonymized by Haworth (1828: 529) . Fabricius was the first to present a description of this species, as Tinea stigmatella in 1781, based on a specimen that was collected in England, United Kingdom. The description conforms to ICZN Article 12, and agrees with the principle of typification. The specimen was re-examined, and we found that the characters fully correspond with the description of Fabricius (Figs 1, 2). The accompanying documentation and labels stating the identity and the taxonomic status of the specimen were provided. The species-group name Caloptilia stigmatella comprises ten synonymic nominal species-group names ( Table 1) . The re-verification of the full synonymy of C. stigmatella (Table 1) based on the re-study of type specimens of each species-group name is outside the scope of the present paper. 
Taxonomic value of the type specimen Caloptilia stigmatella
The specimen collected in England and described by Fabricius as Tinea stigmatella from the Thomas Pattinson Yeats collection became a reference not only for the species-group name stigmatella (Table 1) , but also for one of the most speciose genera in leaf-mining micro moths. Caloptilia contains 474 species-group names of which 323 species are valid (De Prins & De Prins 2018) . This is why the discovery of this specimen in the Hunterian Museum, University of Glasgow is so significant. The wide distribution of the species (Table 2) , and more than 53 host-plant species recorded for C. stigmatella (De Prins & De Prins 2018) , the slight variability in morphological characters of wing venation and male genitalia, and six molecular haplotypes (BOLD 2018) all suggest that the nominal taxon C. stigmatella might comprise a complex of species-group taxa.
Although the objective of the present paper is not to delimit C. stigmatella as a species-group taxon, characters of wing venation observed in the holotype will allow us to match and diagnose the holotype with other specimens of different populations in which variability and different character states are found, such as the coalescence of R 4 and R 5 , M 2 and M 3. Slight variation in venation concerns whether the bases of R 4 and R 5 distal to the discoidal cell are connate or separate, or whether the bases of M 1 and M 2 distal to the discoidal cell are short stalked or connate. This slight variation still needs to be evaluated in order to define whether it represents intra-or inter-specific variation (Albrecht & Kaila 1997) . Also, the delineation of the genus Caloptilia is not solved yet and currently is under investigation (Arévalo-Maldonado in prep.). There were attempts in the course of history to group Caloptilia-like species and to diagnose the genus Caloptilia, especially with the morphologically very similar genus Gracillaria Haworth, 1828 (De Prins 1985 , which is the type genus of the family.
In the present paper we attempt to fine-tune the diagnosis of the genus Caloptilia, referring to the direct evidence-the primary type specimen [holotype] examined and described by Fabricius 237 years ago. 
Scouting of the genus-level characters in Caloptilia stigmatella
Under the latest classification of Gracillariidae (Kawahara et al. 2017) , 25 genera including Caloptilia are grouped into the subfamily Gracillariinae Stainton, 1854. Having a robust phylogeny of family level taxa, there is now a need for re-evaluation of morphological characters of diagnostic importance at the genus-level, so the generic delineations could be completed. The critical re-examination of the diagnostic characters in the historical Fabrician type specimen became crucial for reconsidering the further re-verification of species assigned to Caloptilia. The morphological diagnostic characters for Caloptilia were verified by Vári (1961) and Kumata (1982) , who established 8 subgenera within Caloptilia on the basis of general morphological characters of the imago, including forewing venation, internal characters of genitalia, and especially the chaetotaxy of the last instar larvae. As both revisers (Vári 1961; Kumata 1982 ) mentioned in their generic diagnoses, many diagnostic characters can vary from species to species and it is up to revisers to determine the corresponding differences which fall within generic or species levels. Wing venation was traditionally used in Gracillariidae to separate closely related genera (Ely 1918) . The position of veins and the degree of their coalescence may vary, however, in combination with other characters (ecology, external and internal morphology of adults, pupae and larvae). Wing venation, especially in the absence of an abdomen, is one of the key generic diagnostic characters in Gracillariidae, e.g., the subgenera in Caloptilia were defined by Kumata (1982) whether radial veins distal to the discoidal cell are well separated at their bases, and whether forewing veins M 2 and M 3 are connate or short stalked at their bases.
FIGURE 3. Caloptilia stigmatella type. Fabrician type C. stigmatella secured in position with dental wax ready for scanning.
The determination of vein position in the forewing and hindwing of the type species of Caloptilia represented by the type specimen Caloptilia stigmatella Fabricius, 1781, despite slight variation of some radial and median veins in the degree of coalescence, indicates the group of species which are surely associated with the generic name Caloptilia. Since Fabricius first described C. stigmatella over two centuries ago many moths with very similar wing patterns have been incorrectly assigned to this group. This group is in desperate need of new characters to help make taxonomic sense of the group at a generic and specific level (Arévalo-Maldonado in prep.).
Micro-CT scanning and virtual descaling of wings
The lack of genitalia prompted taxonomic researchers to use micro-CT to investigate potential taxonomic characters in the wings. To reveal the wing veins by conventional methods would typically involve detachment of the wing and removal of the scales, an undesirable option for such a valuable and important specimen. A test scan was performed on a classically set Victorian specimen on a headless micro-pin with its wings spread. The pin was inserted vertically onto a stage into dental wax. The pin served as the axis around which the insect was scanned. Artefacts from the pin almost entirely obscured the insect in the initial scans. Metal pins seriously affect the quality of a micro-CT scans because of their very high X-ray attenuation, causing artefacts in the reconstructed data . Next the type specimen was scanned; a different arrangement was required as the specimen has been mounted with closed wings on a longer pin. The pin was fixed horizontally using dental wax, with the head of the moth pointing down below the pin shaft and the wings above it (Fig. 3) . This configuration allowed the closed wings to be scanned in their entirety whilst excluding the pin from the scan, thus avoiding attenuation (Fig. 4) . Careful attention to the alignment and positioning of the specimen ensured that the specimen could be rotated safely within the scanning chamber without damage. The sample was scanned using a micro X-ray CT (Bruker Skyscan 1172) at 39kV and 100uAmps with a voxel size of 1.96um/pixel. Images from the micro X-ray CT were reconstructed into an image stack using nRecon (Ver. 1.6.9.18; Bruker). From the reconstructed image stack, an image stack for each wing was created with CT Analyser (Ver. 1.14.10.0+; Bruker) by using the region of interest (ROI) selection tools (Figs 5, 6 ). The polygon selection tool was used to surround the wing of interest across several layers of the reconstructed image stack; interpolation was used to select the rest of the wing based on the shape of the drawn polygon across the remaining image stack. Using the ROI, each wing was exported as a separate image stack for visualization and further processing in Amira (Ver. 6.3; Fisher Scientific / FEI). 
Taxonomic data verification
Re-verification of characters obtained from the observation and virtual descaling of the Fabrician holotype of
Caloptilia stigmatella
For the diagnostic morphological and ecological characters of the genus Caloptilia we follow Vári (1961) , Kumata (1982) and De Prins (1985) ; for molecular diagnostic characters we follow Kawahara et al. (2017) . The wing venation characters of the holotype of C. stigmatella are reconstructed following the procedure described above. The schematic visualization of veins obtained by micro-CT scanning is presented in Fig. 7 and the description is as follows: Forewing narrow, lanceolate, bluntly pointed, apically with 13 veins (Fig. 7) , discoidal cell slightly dilated distad with distal margin nearly vertical, apical part with 9 veins (R 2 , R 3 , R 4 , R 5 , M 1 , M 2 , M 3 , CuA 1 , CuA 2 ). all radial veins well separated at their bases, vein R 1 arises near base of forewing and ends on costal margin at about 3/5, R 2 arises from apical 1/3 of cell, R 3 arises from subapex of discoidal cell, R 4 arises from apical angle of discoidal cell, R 5 arises from the apical margin of the discoidal cell, M 2 and M 3 arise from tornal angle of discoidal cell. short stalked, vein CuP distinct only in apical part, vein An simple, curved, connected with dorsal margin of forewing near middle, vein R 1 obsolete at base. Hindwing 85% as long and 78% as wide as forewing, narrowly lanceolate, sharply pointed with 8 veins and with open cell between M 2 and M 3 ; vein R 2+3 short and distinctly separated from Sc+R 1 and Rs; veins M 1 and M 2 long stalked, veins M 3 , CuA 1 and CuA 2 , placed at equal distance from each other at dorsal margin of hindwing, vein M 3 arises from near middle of vein CuA 1 . 
Conclusion
Micro-CT was the only possible tool to study the wing venation of the type specimen of Caloptilia stigmatella Fabricius, 1781 in a non-destructive way. The scans of the fore-and hindwing were successful. Finally, after 237 years taxonomists will now be able to study and compare the matrix of veins in other congeneric species and hopefully delineate the genus Caloptilia and start to resolve some of the taxonomic ambiguity surrounding this leaf-mining family.
